Abstract: Samples of stoneflies were collected from 15 streams of Slovakia during 1976-2000. The model of growth rate is based on 219 data of 50 stonefly species. The non-linear relationship among growth rate (G) of stoneflies and monthly mean water temperature (T ) and body mass (W) is described by equation:
Introduction
The studies of macroinvertebrates productivity represent an important step in understanding running water communities. Stoneflies are a group playing a very important role in most cool, natural, and clean streams with high dissolved oxygen content (mainly as predators and detrivores). Development of species with heterodynamic cycles is called fast, and that of species with homodynamic cycles shows a slow development (Hynes 1961; Wigglesworth 1972) .
The production of the West Carpathian stonefly larvae has been studied on levels of species and taxocoenoses (Krno 1997) . This study was focused on quantifying relationship among P/B ratio of species, taxocoenoses, biomass, individual mass, cohort production interval of larval development, water temperature, stream width and altitude. Two approaches have been developed to solve the problem of indiscernible cohort production of macroinvertebrates. The first approach represented by the size-frequency method (Hynes & Coleman 1968; Benke 1984) was originally designed to estimate cumulative production of communities, hence without identifying individual taxa and without estimating survivorship and growth. When the size-frequency method applied to indiscernible cohorts (Morin & Dumont 1994) , it demands estimation of generation time, cohort production interval (CPI) (Benke 1984) , which complicates application of this method. Furthermore, the size-frequency method generally does not allow calculation of seasonal production. A second approach that can resolve the problem involves combining measurements of biomass and independently obtained estimates of growth rates (Morin & Dumont 1994) . To obtain such independent growth rates, either specific growth rates may be estimated directly or empirical models developed from literature (e.g., Morin & Dumont 1994) . The Morin and Dumont's model relating growth rates to body size and temperature, has been developed at the order level and for four orders of aquatic insects, including Plecoptera.
The aim of this study is to test some methods of secondary production estimates for stoneflies that assess ecological integrity of mountain and submoutain streams. Attention is paid to the relative production of the most representative and abundant stoneflies and its dependence on monthly and annual mean temperature, as well as on the weight at median length of class.
Study area and methods
The sampling sites for the population production were situated in different streams, in the West Carpathian mountain ranges (Krno 1982 (Krno , 1996 (Krno , 1997 (Krno , 1998 (Krno , 2000 and to the adjacent Pannonian lowland (Derka et al. 2004) . These streams were characterized by different temperature and hydrological regime. The mean monthly water temperature was estimated as the average of the daily minimum and maximum temperature. Each stream was sampled for a single year, and different streams were sampled in different years. Samples of stoneflies were taken during 1976-2000, regularly in one-month intervals, except of periods when the stream was completely frozen (January, sometimes February). Quantitative samples of macrozoobenthos were collected by a benthometer (with bottom area of 0.07-0.10 m 2 , and mesh size of 0.3 mm). Three to four samples of macrozoobenthos were taken from riffles, and one to two samples from pools, according to stream bottom analysis (depending on the current and on the mosaic characteristics of microhabitats), across of the stream. The samples of macrozoobenthos were preserved in 10% of formaldehyde. The material was sorted under stereomicroscope (magnification 10). The nymph length was measured with 0.5 mm accuracy. The length-weight relationships in individual species were established according Krno (1996) and Benke et al. (1999) in mg dry mass. Secondary production (in dry mass) of stoneflies was evaluated using the size-frequency method (Benke 1984) : P = Σ((n − nj+1)(Wj + Wj+1)/2)L(365/CPI) and its modification by Krueger & Martin (1980) , where abundance values were corrected for unequal sampling intervals. The second group of methods is represented by instantaneous growth method, and increment-summation method according to Waters (1977) . The third group of methods is Morin & Dumont (1994) method: P = Σ(Bigi + Bi+1gi+1)∆t/2. In these models, P is the annual production, nj is the mean number of individual class j, Wj is the weight at median length of class j, L is number of those length classes in which a species grows, CPI is the cohort production interval, Bi is the biomass measured in sampling date i, gi is the growth rate predicted from the regression for taxon based on temperature and average body size of the population on sample date I, and ∆t is the length of the period (days) between date i and i + 1.
Daily production was expressed according to Krno (1997) : P (according to size-frequency method) /CPI (for growth rate of stonefly families, Eq. 1-3), or according to Morin et al. (1988) : (Bigi + Bi+1gi+1)∆t/2 (for growth rate of all stonefly species, Eq. 4-6) and daily growth rate was determined for each cohort and each sampling interval using an equation that presumes exponential growth g = ln(Bi/Bi+1)/∆t. Daily growth rate of larvae was expressed as mg mg −1 day −1 . The regression model proposed by Morin & Dumont (1994) for stonefly specific growth rate (g = −1.90 − 0.28 log 10 W ) was modified in this study by the author. All these approaches were applied to all species in all streams in all years, so that one can make comparison between all the methods. 
Results
Before calculating the production using the modified Morin & Dumont method (1994) , first it was necessary to develop empirical equations for each major family from the field data. At the beginning the attention was focused on monitoring of the influence of average annual temperature on the growth of species in different families. The data set evaluated consists of 91 field annual data of 51 stonefly species (Table 1) .
Relationship between the daily growth rate (g) of Nemouridae species (without Nemoura genus) and annual mean water temperature (T ) is described by the linear equation: 1) g = 0.00040 + 0.00029T (P < 0.03, correlation coefficient = 0.50, n = 19)
Relationship between growth rate of Leuctridae and Capniidae species and annual mean water temper- Krno (1982 Krno ( , 1997 I. Krno ature is described by the linear equation: 2) g = 0.00059 + 0.00021T (P < 0.01, correlation coefficient = 0.51, n = 33) Relationship between growth rate of Perlodidae and annual mean water temperature is described by the linear equation: 3) g = 0.00108 + 0.000084T (P < 0.01, correlation coefficient = 0.59, n = 17) When I used data from other families (Taeniopterygidae, Chloroperlidae and Perlidae and Nemoura genus), this relationship has not been confirmed (P > 0.05).
The modified regression model proposed by Morin & Dumont (1994) for stonefly specific growth rate is based on 219 data of stonefly species from all families. The data were obtained based on estimates of production and growth rate on a monthly basis. Body mass (W, in mg dry mass) ranged from 0.0034 to 75 mg of dry mass, and monthly mean water temperature during yearly studies ranged from 0.1
This data set was used for the regression model according to Morin & Dumont (1994) : 4) g = 0.014W −0.19 T 0.25 (F = 11.2, P < 0.01, n = 219). A very close relationship was found between the observed mass specific growth of stoneflies in field conditions, and growth rates predicted by the model in Eq. 6 (Fig. 1) . This model explained 79% of the variability in growth rate. Both factors had a significant effect on growth, with body size explaining 50% of the variability in growth rates, and temperature explaining for another 29%.
Plots of the predictions of the models (Fig. 2 ) allow comparison of growth rate models for different body size and temperatures. Growth rate of stoneflies was found to decrease with increasing body size. Relationship between daily growth rate of stoneflies and their body mass (W ) is described by the quadratic equation ( Fig. 2A) : 5) g = 0.0186 − 0.00109W + 0.0033W 2 (F = 8.4, P < 0.01, n = 219) Growth rate of stoneflies was also found to increase with temperature increasing up to 14
• C. After passing this temperature limit, the growth rate tends to decrease. Relationship between growth rate of stoneflies and monthly mean water temperature (T) (Fig. 2B) is described by quadratic equation: 6) g = 0.183 + 0.0045T − 0.0002T 2 (F = 6.9, P < 0.01, n = 219) Box-Whisker graph (Fig. 3 ) of annual P/B ratio of different stonefly species of 6 stonefly families, and one-way analysis of variance (ANOVA) were to identify significant differences among methods of estimate of the secondary stonefly production ( Table 2 ). The sizefrequency methods were used as a proof. Morin & Dumont (1994) method for stonefly specific growth rate modified in this study by author is suitable for an estimation of the production of species of families Taeniopterygidae, Nemouridae, Leuctridae, and Perlodi- Chloroperlidae annual P/B ratio E Fig. 3 . Box-Whisker graph of annual P/B ratio of different stonefly families and methods of secondary production, and one-way analysis of variance (ANOVA) was used to identify significant differences among methods; median, 25%-75%, Non-Outlier Min-Max, • Outliers, * Extremes; S-F 1 -Size-frequency method according to Krueger & Martin (1980) , S-F 2 -Size-frequency method according to Benke (1984) , Inst. -Instantaneous growth method according to Waters (1977) , Incr. -Increment-summation method according to Waters (1977) , Krno -method according to author, Morin -Morin & Dumont method (1994) . A: N = 5, P > 0.05; B: N = 15, F = 9.7, P < 0.01, P/B ratio according to Krno & Morin > other methods and S-F 1 > Inst., Incr.; C: N = 18, F = 9.9 P < 0.01, Krno > others (except S-F 1) and S-F 2 > Incr.; D: N = 9, P > 0.05; E: N = 4, F = 13.1, P < 0.01, Krno > others; F: N = 4, F = 7.2, P < 0.01, Krno > others and S-F > Incr.
dae, but it is undesirable and sharply overestimates of the production of species in families Perlidae a Chloroperlidae.
Finally, we attempted a statistical evaluation of the influence of basic abiotic parameters [ (Pictet, 1841) 13 10 8 9 2 0 1 4 7 . 8 6 Ľ u p č i a n k a Explanations: S-F 1 -Size-frequency method according to Krueger & Martin (1980) , S-F 2 -Size-frequency method according to Benke (1984) , Inst. -Instantaneous growth method according to Waters (1977) , Incr. -Increment-summation method according to Waters (1977) , Krno -method according to author, Morin -Morin & Dumont method (1994) ; Ann. mass -Annual mass mean.
(E = l s −1 km −2 )] on the production of stoneflies (P ) of the eleventh mountain and submountain West Carpathians streams (Krno 1997; , according to the size-frequency method, is expressed by equation: 7) P = 409.46 + 60.47W − 0.32A + 127.38E (P < 0.01, R 2 = 0.79, n = 11).
Discussion
The different methods available to estimate the stonefly production have different disadvantages. The instantaneous growth rate method (Ricker 1945) seems to depend mainly on the sampling frequency (Lapchin & Neveu 1980) . The removal-summation method (Boysen-Jensen 1919) raises, in addition, the problem of choice of the individual mean weight assigned to loss between two sampling data and also the problem of the initial biomass (Lapchin & Neveu, 1980) . Both methods are strongly biased by the asynchronic larval development and underestimate annual P/B ratio (Table 2 , Fig. 3 ). Morin & Dumont (1994) found that the growth rate of lotic insect larvae decreases with increasing size, and increases with increasing temperature with an average Q 10 of 1.78. But they did not confirm an effect of temperature on growth rate for stoneflies. Growth rates of the Carpathian stoneflies declined with increasing body size, but increased with increasing temperature up to 14
• C, and then they slowly decreased (Fig. 2B) . A difference was found namely at the evaluation of species of Leuctridae, Nemouridae and from a part of Perlodidae (Table 2) . This is based on the assumption that the growth in stoneflies is independent on temperature. This assumption is wrong, especially in the summer species of Leuctridae and Nemouridae. The body size and rate of larval growth for each species appears to be influenced largely by temperature and foods for production of Perlodidae (Heiman & Knigth 1975) . The larval growth of Nemouridae, Capniidae and Perlodidae in the Scandinavian stoneflies was largely positively influenced by water temperature (Brittain 1983) . Water temperature affects the growth rate and emergence of stoneflies (Gregory et al. 2000) . Size of mature individuals depends on duration of larval development and growth rate, both of which are strongly influenced by temperature (Sweeney 1984; Perry et al. 1987; Gregory et al. 2000; Briers et al. 2004; Krno, 2006) . Stonefly larval growth depended exponentially on water temperature (Elliot 1984 (Elliot , 1987 . According to Heiman & Knight (1975) , growth rate of stoneflies rises a little in the lower portion of the temperature increase range, then in the upper portion of the temperature range (above 15-17
• C) it decreased rapidly. Food consumption, respiration, and assimilation efficiency increased with increasing water temperature. On the contrary, for Chloroperlidae and Perlidae the original Morin-Dumont's method is more suitable (Derka et al. 2004 ), because our modified version significantly overestimates the annual P/B ratio.
There is positive evidence that the total stonefly production increases with discharge, coupled with stream width and the mean elementary basin runoff. On the other hand, increasing altitude has a negative influence on production.
